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Abstract: Accurate and reliable deterioration rate estimates for concrete bridge decks are an important part of the 
overall bridge condition assessment. The main objective of this paper is to determine the time in condition ratings 
(TICRs) of concrete bridge decks and assess the impact of average daily traffic (ADT), age, and deck area on the 
bridge deck condition. Condition ratings of bridge decks over 24 years for Michigan state were collected from the 
National Bridge Inventory (NBI) data. The Anderson-Darling statistical test was used to evaluate and rank five 
practical probability distribution functions to select the best fit for Michigan state data. The results indicate that 
the best statistical model for Michigan state data is the lognormal function. It was illustrated that the TICR 
decreases when the condition rating decreases. When a concrete bridge deck condition is rated at 8, it can take 
11.29 years to drop to the lower rating of 7. However, when the concrete bridge deck condition is rated at 4, it may 
take 6.64 years to drop to the lower condition rating of 3. It was also observed that on average, bridge decks in 
Michigan stay much longer than the typical inspection interval (i.e., 2 years), suggesting that inspection intervals 
can be longer than 2 years for bridges in good condition ranges. The results also show that ADT, age, and deck 
area are important factors in the deterioration rates of concrete bridge decks.   
Keywords: Federal Highway Administration (FHWA); Time in condition ratings (TICRs); Average daily traffic 
(ADT); National Bridge Inventory (NBI). 
1. Introduction
National Bridge Inspection Standards (NBISs) were established by the Federal-Aid Highway Act of 1968 and
the Surface Transportation Assistance Act (STAA) of 1978 directly after the collapse of the Ohio River Bridge 
(also known as the Silver Bridge) in 1967 [1]. These standards describe the requirements for regular periodical 
inspection of bridges. The standards also outline the professional qualifications necessary to serve as an inspector. 
Concrete decks are among the most susceptible parts of bridges and their service lives are typically shorter than 
those of other components because they are exposed to deterioration produced by direct contact with traffic and 
other environmental factors such as freeze/thaw cycles or deicing materials in cold weather regions [2, 3]. Basically, 
the resources needed for rehabilitation, replacement, and repair of concrete bridge decks are typically inadequate 
[1,4]. The Federal Highway Administration (FHWA), therefore, is continuously working to support scientific and 
technological research to achieve both short and long-term results for required enhancements [4]. One of the 
significant issues that face transportation agencies is how to reduce the cost of bridge deck maintenance [5]. 
Researchers have suggested the use of accurate and reliable condition assessment techniques can assist in reducing 
the costs and increasing the efficiency of concrete bridge deck maintenance and repair [5,6].  
Since routine inspection requirements were first established in the early 1970s, the regular two-year interval 
assigned by the NBIS has been effective in guaranteeing an acceptable level of protection and serviceability for 
highway bridges [7]. Currently, regardless of condition rating, most bridges in the United States are scheduled for 
inspection at a uniform calendar interval of two years. However, because of the fixed two-year inspection schedule 
of both newly constructed bridges with little or no deterioration along with old bridges with more deteriorated 
components, inefficiencies in the allocation of inspection resources are observed [8].  
The fixed inspection intervals (i.e., the time between two consecutive inspections) can be reduced or increased 
based on conditions established by the bridge owner for bridges in certain condition rating ranges. Inspection 
intervals of up to six years can be acceptable for certain bridges that meet condition criteria. Commonly, bridges 
with low ADT and short spans that are in good condition can be qualified for the extension of inspection intervals 
[8,9].  An earlier study used statistical models to analyse Oregon bridge condition data extracted from the National 
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Bridge Inspection Standard (NBIS) [10]. The authors concluded that bridges with good condition ratings tend to 
stay in those ratings longer than two years and therefore suggested a possible extension of the inspection intervals.  
 
1.1 Condition assessment of concrete bridge decks and causes of deterioration 
Maintaining the safety and serviceability of concrete bridge decks is very important because bridges are a 
critical part of the transportation networks. FHWA has developed condition assessment processes for all bridges 
in the United States where they undergo inspection every two years based on NBISs to determine the condition 
ratings for each major element in a bridge [11]. In contrast, the inspection intervals in Europe may reach up to five 
or six years based on inspector qualifications and experience, and can go as long as nine years as in the case of 
France [12]. Mathematical and statistical models have been developed to assess and predict the condition of bridge 
elements using the NBI database [13]. Developing optimum prediction models is crucial for making maintenance, 
repair, or replacement decisions. 
According to the NBI, there are more than 600,000 bridges in service around the United States. Half of these 
bridges were constructed before the year 1970, and 25% of the total bridges require rehabilitation, repair, and/or 
reconstruction. The available resources compared to the enormous quantity of work required for accomplishing 
the repair, rehabilitation, and reconstruction are often very limited [1]. Based on the reports available from the 
FHWA, more than 100 million m2 of the entire 360 million m2 U.S. concrete bridges are either structurally 
deteriorated (SD) or functionally obsolete (FO). The decision to rehabilitate or replace a bridge is influenced by 
technical and economic factors. A comprehensive inspection is needed for all types of bridges to provide 
appropriate information about the general condition of the bridges. This information includes measurements and 
the accompanying defects that are discovered in bridges under examination. Once the inspection phase is 
completed, analysis of collected data commences. These data are used to determine the best maintenance or 
rehabilitation method to maintain the service life of the bridge [14]. 
Deterioration of concrete bridge decks occurs due to many reasons. Therefore, it is very important to study the 
most expected factors impacting on a bridge condition [15].  Old bridges may deteriorate faster than newer ones 
[16,17]. Additionally, as the concrete bridge deck is the main component that provides the riding surface, it is 
exposed to deterioration more than the other parts of a bridge, making ADT as an important factor for consideration 
[18]. Furthermore, large areas of bridge decks can be exposed to random types of defects that may result in 
inaccurate condition rating [6]. For example, if a relatively small part of a large area of a bridge deck has a defect 
level matching to a rating of 5, an inspector may rate the entire deck as 5, possibly resulting in a non-optimal 
maintenance decision. In this study, the impact of these three factors (i.e., ADT, age, and deck area) on the 
deterioration rate will be investigated to help in developing future deterioration prediction models. 
Currently, there are several methods that have been developed for bridge condition assessment, including the 
fuzzy based analytic hierarchy approach [19], deterministic methods [17], probability distribution methods [6,10], 
and Markov chain models [13]. These methods can be used to measure the deterioration rates of bridges. 
Consequently, an enhancement in the prediction of the remaining service life of bridges has resulted due to using 
these methods. 
 
1.2 Condition ratings of concrete bridge decks 
The NBI database includes condition ratings for the major bridge elements, including the deck, superstructure, 
and substructure for a period of 24 years (i.e., from 1992 to 2015) (Federal Highway Administration [20,21]. 
According to NBIS, condition ratings for each major element in a bridge varies from 0 to 9. Typically, a bridge is 
considered structurally deficient if the deck receives a condition rating of 3 or less, while a condition rating of 7 
or more is very desirable [22]. Overall, these condition ratings are indicators of the level of bridge deck 
performance and required maintenance actions [23].  
The condition ratings of bridges typically decrease over time due to the deteriorations that occur in the major 
elements. In other words, the major elements are rated at 9 when bridges are newly constructed. They stay in the 
same condition rating for a while and then start to deteriorate with time and drop down to the next condition rating. 
This process is repeated again, and the condition rating drops further [17]. In this study, the change in the condition 
rating over time will be investigated in an attempt to identify and model deterioration trends to develop prediction 
models. 
 
2. Goals and significance  
 
The goal of the study described in this paper is to estimate the TICRs in each condition rating of Michigan 
bridge decks and investigate the impact of ADT, age, and deck area on bridge condition and on the inspection 
intervals. A concrete bridge deck is typically the primary load path, and its condition is a significant aspect of the 
integrity and serviceability of the bridge [14]. In Michigan, there are around more than 10,000 bridges that require 
inspection every two years. The objective is to develop condition assessment schedules for bridge decks that 
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address the maintenance needs of the more critical bridges within the resource constraints of transportation 
agencies. The study described in this paper will analyse condition data of Michigan bridges available through NBI 
to determine how many years, on average, a bridge deck remains in a certain condition rating and to evaluate the 
impact of ADT, age, and deck area on the deterioration rates of bridge decks. Additionally, condition ratings data 
over a 24 year were analysed under the Anderson darling test to determine the best statistical model that can 
represent Michigan state data. 
 
3. Data sources and handling  
 
Two main issues will be explored and discussed in this study: 1) The data needed to track bridge deterioration 
rates, and 2) Factors that affect bridge deterioration rates. NBI condition ratings are used to rank bridges and can 
be used to track concrete bridge deck deterioration rates [20,21]. Data from 1992 to 2015 was used in this study. 
Since inspections are performed yearly or biennially, NBI records of condition ratings are available for each of the 
main bridge elements. These condition ratings are then transformed into consistent NBI condition codes, which 
are also identified by FHWA. 
 
3.1 Data collection methods 
The inspection and maintenance of bridges have become a priority for U.S. departments of transportation. 
Currently, visual inspection and chain drag are the main methods to inspect bridge decks and can detect cracks, 
spalls, and delaminations. They are essentially the main technique used to collect data about bridge condition. 
However, they are considered subjective and ambiguous because they depend on the experience of the inspector, 
definition of the deteriorations, the condition level of the defects, and other factors. Non-destructive testing 
methods are beginning to gain acceptance, but are still under research. Many studies have been conducted to 
determine if non-destructive techniques are adequate for bridge inspection. Some of these non-destructive 
techniques include Ground Penetration Radar (GPR), Impact Echo, and infrared thermal imaging [3, 24-27]. 
 
3.2 Data pre-processing  
For an accurate evaluation of deterioration rates, inspection data must be treated to eliminate the effects of 
issues other than uniform maintenance that may result in an increase or decrease in condition ratings. These issues 
include repair, miscoding [17]. This study is based on the NBI database, which includes numerical ratings of bridge 
decks for the period of 1992 to 2015. The treatment of data was performed in several steps: 
1) Due to the fact that ratings of 0-3 are considered severe conditions that require immediate attention, such 
bridges typically undergo significant rehabilitation or replacement rather than staying in their current condition. 
Therefore, these condition ratings were not included in this study. It is also worth noting that there are few bridges 
with condition ratings of 0-3 as compared with other condition ratings. Additionally, data with condition ratings 
of 9 were removed from the analysis because they represent new bridge construction with no deterioration [10]. 
2) Data with condition ratings of N (for not applicable data) and inspection data with unusual rating drop were 
removed from the data set. For example, if the bridge was in the condition rating of 8 for 3 years and then dropped 
to a condition rating of 6 or 5 for 2 years and then jumped to a condition rating of 7 or 8 for 2 or 3 years and this 
process was replicated every 2 or 3 years for the period from 1992 to 2015 without any records about rehabilitation 
or repair, then these data were eliminated [1]. 
3) Bridges that did not have key parameter records such as deck rating, year built, ADT, deck width, and 
structure length were eliminated [17]. 
4) All bridges that had recently undergone rehabilitation, repair, or reconstruction of the deck were clipped [6]. 
5) If the time in condition rating (TICR) was 3 years or less for sequential inspection cycles at the beginning or 
the end of the study period interval (1992-2015), data were clipped from the original record. For example, if the 
bridge was in the condition rating of 6 in the 1992 and 1994 (which is 3 years (TICR)) and then dropped to a 
condition rating of 5 or jumped to a condition rating of 7 due to rehabilitation or repair in the next inspection cycle 
in 1996, then the data from 1992 to 1994 were removed. Similarly, if the condition rating of the bridge changed 
to 6 in 2013 and stayed at 6 through 2015, this data was also clipped. The 3-year threshold for clipping was based 
on a sensitivity analysis of different probable trimming values ranging from 3 to 7 years. The results showed that 
TICR of more than 3 years at the beginning or end of the available data set had the largest impact on the final 
analysis results. Consequently, 3 years was selected as a suitable value. A similar analysis was performed on the 
Oregon data set that resulted in a 5-year clipping threshold, suggesting that this criterion would depend on the data 
set and the time interval under investigation [10]. 
6) Some of the NBI records for the concrete bridge deck showed an increase or decrease in the condition rating 
for 1 or 2 years, and then a return to the same condition rating without any recognized rehabilitation. These 
increases and decreases are considered inspector errors and the condition rating is manually revised to be identical 
to the previous value. For example, if the concrete bridge deck was at condition rating of 7 for 5 years, then 
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dropped to a condition rating of 6 for 2 years, and then returned to the initial value of 7 for 4 years, we would 
consider this as an error and would correct the results to display the concrete bridge deck at condition 7 for 11 
years [10,16].  
 
3.3 Assumptions 
A few assumptions were made to simplify the analysis as follows: 
1) Only bridges with concrete decks were included in the analysis (item 107 in NBI data). 
2) The original construction date of the bridge is determined from the year built (item 27 in NBI data). This is 
used as the base when determining if the overlay and the deck are part of the original construction. 
3) The value of ADT is determined from the total ADT (item 29 in NBI data). Bridges with ADT of 0 were 
eliminated from the data set and the data of this factor were divided into three categories: less than 4,000, 4,000 
to10,000, and more than 10,000 (vehicles/day). 
4) The age of the deck is determined by comparing the current year to the year built (item 27 in NBI data). Then, 
the year-built data for bridge decks have been updated with the new dates of reconstruction as listed in the NBI 
(item 106) when bridges have been reconstructed. 
5) The deck areas were calculated from the structure length (item 49 in NBI data) and the deck width (item 51 
in NBI data). 
6) The age values in years were classified into two ranges: less than or equal to 25 and more than 25 years. (The 
lifespan of the most bridges were designed to be 50 years [28]. Therefore, bridges within this range were analysed 
in this study. 
7) The deck area values in square meters (m2) were divided into two groups: less than 500 m2 and more than 
500 m2. 
To verify whether the bins for the above factors are appropriate for the study, Kruskal-Wallis test was performed. 
This test was chosen because condition rating data are not normally distributed. Therefore, the bins for each factor 
were analysed under this test to evaluate if there was significant statistical difference between the factor groups. 
Table 1 shows the parameters of the Kruskal-Wallis test. Statistical significance between bins exists when the p-
value is less than the 0.05 [29]. As shown in the table, all p-values were less than 0.05, suggesting that all bins 
were classified appropriately. Additionally, the chi square values further demonstrate that the TICR data vary 
between bins for each factor and support the appropriateness of the bin selections.    
 
Table 1. Kruskal-Wallis test for factor groups. 
CR 
Groups 
# of 
Samples 
ADT (vehicles/day) Age (years) Area (m2) 
ADT<4,000, 4,000-10,000, and >10,000 Age ≤ 25 & > 25 Area ≤ 500 & > 500 
Chi Square P-value Chi Square P-value Chi Square P-value 
8 74.331 0 109.951 0 70.881 0 1360 
7 33.315 0 17.168 0 19.214 0 2321 
6 19.04 0 8.101 0.004 18.953 0 1845 
5 11.145 0.004 7.612 0.006 22.715 0 760 
4 7.774 0.021 12.085 0.001 5.202 0.023 176 
 
4. Analysis of national bridge inspection condition data 
 
The study described in this paper is based on the NBI bridge inspection data for the period from 1992 to 2015. 
In this section, determining the best statistical method for Michigan state will be investigated. Then, the best 
statistical model for Michigan concrete bridge deck will be used to evaluate the TICRs. Table 2 shows the 
description of condition ratings for Michigan concrete bridge decks in addition to their ages in 2015. 
 
4.1 Analysis of NBI condition data for Michigan bridge decks 
In this study, statistical analyses were performed to determine the distribution model that best fits the TICR 
values for Michigan bridge deck condition rating data. There are three most commonly used goodness-of-fit tests 
available for evaluating and ranking the most commonly used statistical models: Anderson-Darling (AD), Chi-
Square, and Kolmogorov-Smirnov (K-S) [30]. The Anderson-Darling is the most appropriate goodness-of-fit test 
for the bridge condition data at hand. It is performed to examine data derived from a population with a particular 
distribution and produces more weight to the tails than does the K-S test. The AD test is also more precise at the 
tails data than the Chi-Square and K-S tests. Since AD uses the maximum difference between the cumulative 
distribution function curves, it gives more weight to outliers than KS. Thus, the test considers all the differences 
at the tail end that may be neglected or removed by the other test methods [31]. The most frequently used statistical 
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models under the Anderson-Darling test are the exponential, Weibull, lognormal, normal, and gamma distributions 
[32]. In this study, these models were investigated. 
The Michigan concrete bridge deck condition ratings that were used in this investigation ranged from 4 to 8 
over the past 24 years (1992-2015).  Table 3 summarizes the Anderson-Darling test values of the five commonly 
used statistical models. In the table, the statistical analyses are grouped by condition rating values. The lognormal 
probability distribution function had the smallest Anderson-Darling test value for most of the CR values, making 
it the best statistical model for the TICR data set. The Gamma distribution function was a better fit than (but fairly 
close to) the lognormal distribution method for CR values of 6 and 8, but was fairly behind for the other three CR 
values, resulting in the choice of lognormal as the best fit. It is also clear from Table 3 that the exponential 
distribution method is the least desirable model with the highest Anderson-Darling test values. Moreover, 
goodness-of-fit tests were done for each group of factors and the lognormal distribution function was the best 
distribution for each factor in the Michigan dataset.  
 
Table 2. Condition ratings for Michigan concrete bridge decks, 2015. 
Condition Rating Description No. of Bridges Average Age (year) 
9 Excellent Condition 229 5.67 
8 Very good condition 1,606 18.31 
7 Good condition 3,272 32.25 
6 Satisfactory condition 2,598 43.16 
5 Fair condition 1,029 53.97 
4 Poor condition 375 58.98 
3 Serious condition 121 65.89 
2 Critical condition 18 72.39 
1 Imminent failure condition 1 70 
0 Failed condition 6 102.5 
Total  9,255  
 
Table 3. Anderson-Darling test values for TICR statistical models for Michigan concrete bridge decks. 
Condition Rating Normal Lognormal Gamma Weibull Exponential # of Samples 
8 21.70 17.86 17.62 16.16 159.11 1360 
7 74.46 28.90 32.45 60.34 238.43 2321 
6 39.67 15.82 15.25 33.16 222.36 1845 
5 30.58 11.04 12.40 25.29 86.19 760 
4 13.08 5.46 8.22 11.11 29.41 176 
 
 
4.2 Condition prediction modelling for Michigan bridge deck data 
The lognormal distribution function is considered one of the most appropriate and flexible models commonly 
used to determine failures produced by deterioration processes because of certain features of the lognormal random 
variable such as the non-negative values and the skewness [33]. The lognormal cumulative distribution function 
is expressed as [34]: 
 
  F (t/µ,𝜎𝜎2) = 1
�(2𝜋𝜋𝜎𝜎2)𝑡𝑡 exp (− (ln 𝑡𝑡−µ)22𝜎𝜎2 )     t > 0, 𝜎𝜎  > 0, - ∞ < µ < + ∞                                                                (1) 
   
where t is independent positive random variable. σ is the shape parameter and expµ is the scale parameter. σ, µ can 
be calculated as  
 
σ =  �∑ (𝑙𝑙𝑙𝑙(𝑡𝑡𝑖𝑖)−µ)2𝑁𝑁𝑖𝑖=1
𝑁𝑁
                                                                                                                                            (1a) 
µ = ∑ ln (𝑡𝑡𝑖𝑖)𝑁𝑁𝑖𝑖=1
𝑁𝑁
                                                                                                                                                      (1b) 
 
m is the mean, V is the variance and S is the standard deviation. m, V can be calculated as 
 
m = 𝑒𝑒𝑒𝑒𝑒𝑒µ+𝜎𝜎2/2                                                                                                                                                      (2) 
V = (𝑒𝑒𝑒𝑒𝑒𝑒𝜎𝜎2 − 1)𝑒𝑒𝑒𝑒𝑒𝑒2µ+𝜎𝜎2                                                                                                                                     (3) 
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S can be calculated from the equation (4). 
 
V = S2                                                                                                                                                                   (4) 
 
In this study, t is a variable that represents the time interval in which concrete bridge decks can remain in a 
condition rating before dropping to a lower one (i.e. TICR). For example, if the concrete bridge deck is changed 
from a condition rating of 8 to 7 and stays at the new rating for 9 years before dropping to 6, then the time interval 
is 9 years in this equation. The shape parameter σ (1a) is always more than 0. The relationship between the value 
of σ and the skewness of the lognormal distribution is positive. An increase (or decrease) in the value of σ increases 
(or decreases) the skewness of the distribution. Skewness is the scale of the symmetry of the distribution. 
Additionally, when the value of σ is less than 1, the lognormal distribution becomes very close to the normal 
distribution model. The scale parameter exp (µ) (1b) represents the average of TICRs of concrete bridge decks 
[35].  
 
5. Evaluation of the Michigan bridge deck condition prediction model  
 
The lognormal distribution method was used to model the deterioration rates of Michigan concrete bridge decks 
using historic data for the period from 1992 to 2015. The data records of concrete bridge decks are distributed on 
condition ratings (CRs) from 4 to 8. The results obtained from this study can be used to predict the time needed 
for periodical inspection of concrete bridge decks.  
The values of the shape parameter for all CRs were less than 1, suggesting that the behaviour of the lognormal 
distribution model was very close to that of a normal distribution. Table 4 shows the values of this parameter in 
the lognormal distribution model for the different CRs of Michigan concrete bridge decks. As shown in Table 4, 
all of the values of the scale parameter (i.e., TICRs) are greater than 2 years (the fixed inspection schedule for 
bridges according to NBI). The TICR decreases when the condition rating decreases. For example, when a concrete 
bridge deck condition is rated at 8, it can take 11.29 years to drop to the lower CR by 7. However, when the 
concrete bridge deck condition is rated at 4, it may take 6.64 years to drop to the lower condition rating of 3. 
Essentially, concrete bridge decks that are in the same condition (i.e., CRs of 7 and 8) tend to stay longer in good 
condition as compared to those that are in poor condition (i.e., CRs of 5 or less). Figure 1 shows an example of the 
lognormal probability density function for the Michigan concrete bridge deck condition rating of 5. 
  
Table 4. The TICR Lognormal Model Parameters for Michigan Concrete Bridge Decks. 
 
Figure 2 shows the probability of deterioration rates of different concrete bridge deck condition ratings based 
on the cumulative distribution functions for CRs ranging from 4 to 8. Specifically, the Figure shows the probability 
of a concrete bridge deck remaining in its condition rating before dropping to a lower CR. For example, there is a 
10% probability that the time that a deck at CR of 4 stays in its condition rating will be less than 3.84 years, which 
is longer than the 2-year inspection schedule. For the same probability (i.e. 0.1), a CR of 8 will take 5.74 years 
before dropping to a CR of 7. As another example, consider that there is an interest in estimating how long it will 
take for a concrete bridge deck to deteriorate from a CR of 8 to a CR of 4. Looking at the 0.05 probability (the 
probability of failure 5%; drop from a certain level to the next low level) in Figure 2, dropping from a CR 8 to CR 
4 will take around 16.55 years (4.74 + 4.07 + 4.21 + 3.53). This study, therefore, can support decision-makers as 
they examine the possibility of changing inspection intervals for concrete bridge decks in Michigan, especially for 
those that are in good condition. 
 
6. The impact of factors on the TICR  
 
The impact of each factor (ADT, age, and deck area) on the TICR was investigated. Since these factors are not 
independent from each other, the investigation was performed by keeping two factors constant and evaluating the 
effect of the third factor. The following sections will discuss the impact of each factor on the deterioration rates.  
 
Parameters Condition Ratings CR = 4 CR = 5 CR = 6 CR = 7 CR = 8 
Shape Parameter (σ) 0.43 0.52 0.50 0.54 0.53 
Scale Parameter (𝑒𝑒𝑒𝑒𝑒𝑒µ) 6.64 8.25 9.63 9.97 11.29 
Mean (m) 7.28 9.43 10.39 11.57 12.98 
Standard Deviation (S) 3.26 5.21 5.86 6.80 7.35 
# of Samples 176 760 1845 2321 1360 
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Fig. 1. The Lognormal Probability Density Function for a Condition Rating of 5 
 
 
Fig. 2.  Cumulative distribution function of concrete bridge decks with different condition ratings. 
 
6.1 The impact of ADT  
The ADT factor has a major effect on the deterioration rates of concrete bridge decks, as shown in Table 5. 
Specifically, it was found that ADT can significantly impact a concrete bridge deck when it is still in good 
condition, and has a slight effect on bridge decks that are in poor condition. For example, the concrete bridge decks 
in CR of 8 can stay in this condition for 13.35 years before dropping to a condition rate of 7 when the ADT is less 
than 4,000 vehicles/day with age is less than or equal to 25 years and deck area is less than or equal to 500 m2; but 
the concrete bridge decks for the same condition rating may just stay 9.68 years before dropping when the ADT 
is more than 10,000 vehicles/day. This conclusion can be seen in the rest of condition ratings (Table 5). 
Previous studies have recommended using the probability of failure (transitioning from one rating to next lower 
one) that does not exceed 5%, a risk threshold that can be accepted by transportation authorities (Nasrollahi, & 
Washer, 2015). Figure 3 is the 5% probability chart for TICR under the effect of ADT. This figure, for example, 
can show how many years it can take for concrete bridge decks to deteriorate from 8 to 4 under the effect of ADT. 
It may take around 20.49 years to deteriorate from 8 to 4 if the ADT is less than 4,000 vehicles/day with age is 
less than or equal to 25 years and deck area is less than or equal to 500 m2, while it may take just 16.71 years to 
deteriorate from 8 to 4 if the ADT is more than 10,000 vehicles/day for the same conditions. 
 
6.2 The impact of deck age  
The effect of age on the deterioration rates of bridge decks is similar to the effect of ADT. The progress of age 
showed a significant effect on the deterioration of the bridge decks as shown in Table 5. In fact, with the same 
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ADT, age had an effect on the deterioration rate of concrete bridge decks that are in good condition more than 
those in poor condition. For example, bridge decks within 25 years of service life, ADT is less than 4,000 
vehicles/day, and deck area is less than or equal to 500 m2 can stay for 13.35 years in the condition rating of 8, 
while for those that are more than 25 years in service for under the same ADT and area may stay just 8.20 years 
in the condition rating of 8 (see Table 5). This conclusion can be noticed in the other condition ratings (7 to 4). 
Figure 4 shows that bridges within 25 years, ADT is less than 4,000 vehicles/day, and deck area is less than or 
equal 500 m2 will have a period of 20.49 years to deteriorate from a condition rating of 8 to 4, while it can just 
take 16.9 years for bridges more than 25 years of service with the same conditions under the probability of failure 
5%. 
 
Table 5.  TICRs (Scale parameter values) with Different Ranges of ADT (vehicles/day), Age (year), and Deck 
Area (m2). 
Ranges of Other Factors Ranges of Certain 
Factor 
Time in Condition Ratings (TICR) 
CR = 4 CR = 5 CR = 6 CR = 7 CR = 8 
Age < 25 years and Deck 
Area < 500 m2 
ADT < 4,000 7.40 8.81 10.23 10.58 13.35 
ADT 4,000-10,000 7.20 7.89 8.92 10.34 10.52 
ADT > 10,000 6.52 7.62 8.44 9.94 9.68 
Age > 25 years and Deck 
Area < 500 m2 
ADT < 4,000 6.83 8.23 10.02 9.89 8.2 
ADT 4,000-10,000 6.52 751 9.79 8.41 7.66 
ADT > 10,000 5.48 7.07 9.67 7.87 7.74 
ADT < 4,000 vehicle/day 
and Area < 500 m2 
Age < 25 7.40 8.81 10.23 10.58 13.35 
Age > 25 6.83 8.23 10.02 9.89 8.20 
ADT > 10,000 vehicle/day 
and Area < 500 m2 
Age < 25 6.52 7.62 8.44 9.94 9.68 
Age > 25 5.48 7.07 9.67 7.87 7.74 
ADT < 4,000 vehicle/day 
and Age < 25 years 
Area < 500 7.40 8.81 10.23 10.58 13.35 
Area > 500 6.15 8.27 8.87 10.12 9.78 
ADT > 10,000 vehicle/day 
and Age < 25 years 
Area < 500 6.52 7.62 8.44 9.94 9.68 
Area > 500 6.12 7.02 8.08 9.08 7.66 
 
 
Fig. 3.  TICRs for a 5% probability of failure due to effect of ADT with Age ≤ 25 (year) and deck area ≤ 500 (m2). 
 
 
Fig. 4. TICRs for a 5% Probability of Failure Due to Effect of Age with ADT < 4,000 (vehicle/day) and Deck 
Area ≤ 500 (m2). 
 
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
CR = 4 CR = 5 CR = 6 CR = 7 CR = 8
Ti
m
e 
(y
ea
rs
)
Condition Ratings 
ADT < 4000
ADT 4000-10,000
ADT > 10,000
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
CR = 4 CR = 5 CR = 6 CR = 7 CR = 8
Ti
m
e 
(y
ea
rs
)
Condition Ratings
Age < 25
Age >25
70
A. M. Chyad et al. Journal of Civil Engineering and Construction 2020;9(2):63-73
6.3 The impact of deck area  
Similar to ADT and age, the size of the bridge deck area can have a considerable effect on the deterioration rate 
for all condition ratings of concrete bridge deck (Table 5). Essentially, there is a direct relationship between the 
deck area and ADT that causes the deck area to have an impact on the deterioration of concrete bridge decks. For 
example, bridges with deck area is less than 500 m2 with ADT is less than 4,000 vehicles/day and age is less than 
or equal to 25 years can stay in the condition rating of 8 for 13.35 years, while bridges with deck areas are more 
than 500 m2 will stay just 9.78 years. Also, bridges with deck area less than 500 m2 with ADT is more than 10,000 
vehicles/day and age is more than 25 years can stay in the condition rating of 8 for 7.74 years (Table 5). The same 
approach can be seen in all condition ratings (condition rating of 4 to 7). 
Figure 5 shows the time intervals wherein concrete bridge decks can move from good condition to poor 
condition (i.e., from a condition rating of 8 to 4) under the effect of deck area for the probability of failure 5%. It 
may take around 20.49 years for a concrete bridge deck to deteriorate from 8 to 4 if the area of the bridge decks is 
less than or equal to 500 m2 with ADT is less than 4,000 and age is less than or equal to 25 years, while it may 
take just 16.79 years to deteriorate from 8 to 4 if the area is more than 500 for the same conditions. 
 
 
Fig. 5. TICRs for a 5% Probability of Failure Due to Effect of Area with Age ≤ 25 (year) and ADT < 4,000 
(vehicles/day). 
 
7. Concluding remarks   
 
Bridge condition data from 1992 to 2015 were analysed to determine the TICR of Michigan concrete bridge 
decks and investigate the impact of ADT, age, and deck area on the deterioration rates of concrete bridge decks. 
The Anderson-Darling statistical test was used to assess and rate five practical probability distribution methods to 
choose the best fit for Michigan state in the USA. The results revealed that the lognormal distribution function 
was the best model for the Michigan data. 
This paper illustrated that Michigan concrete bridge decks that are in good condition can stay in those conditions 
longer than the typical two-year inspection schedules as recommended by the NBISs. Additionally, this study 
revealed that concrete bridge decks in good conditions deteriorate at a slower rate than those decks in poor 
conditions. Consequently, inspection schedules for concrete bridge decks can be extended beyond the two years, 
especially for those decks that are in good condition (CRs of 7, and 8). or for those that are recently constructed. 
However, if such an action is to be adopted, it must initially be at a slow rate and be carefully monitored before 
fully extending inspection schedules to ensure bridge safety and to guarantee that proper and timely maintenance 
actions are not compromised. Essentially, while inspection intervals can be extended up to 6 years in Michigan, 
which parallels the conclusions of others, this study revealed that there is currently no universal statistical 
prediction model that can be developed in one state and used by others. However, using the probability of failure 
5% has reduced the extension of inspection intervals up to 4 years. Thus, more studies are required to select the 
acceptable threshold for this purpose to support decision-makers as they study the possibility of extending 
inspection intervals.  
The results in this paper demonstrated that the ADT, age, and deck area factors have significant impact on the 
deterioration rates of concrete bridge decks. Future studies are needed to further evaluate each of these factors in 
more details. For example, more bins for ADT, age, and deck area can be established to provide a more detailed 
impact analysis for the deterioration rates of concrete bridge decks.  
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